Parkinson's Disease (PD) is a progressive neurodegenerative disorder that over 50,000 patients are diagnosed with, each year, in the US alone. There is no definitive test for PD, and the symptoms can vary significantly, making clinical diagnosis challenging. As there is no cure, identifying PD symptoms, and their worsening over time and/or improvement with treatment is critical to the well-being of those affected. Symptomatic characterization is generally carried out via subjective assessment of a number of fine motor tasks. In addition, recently published research has shown that handgrip measurement could be an effective, affordable, and non-invasive method of diagnosing and monitoring PD. This research proposes that handgrip strength and/or effort information could be gathered from a subject's writing grip, using a pen or stylus equipped with strategically located strain gages, to minimize test invasiveness and avert 'white coat syndrome.' To construct such a sensorized device, a relationship between the handgrip force and body strain needs to be determined. Here, the physical problem is reduced to a thick wall cylinder experiencing equally-spaced regions of constant pressure. The generalized case is considered using classic mechanics of materials methods, modeled in ABAQUS/CAE, characterized by a series of analytical models, and tested experimentally with a scaled polymer tube.
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Introduction
This thesis evaluates a method for determining writing handgrip force non-invasively using strategically placed strain gages on the cylindrical body walls of a pen or stylus. Analytical models using various geometries and forces were used to develop equations describing the strain field generated by a standard grip pattern. These equations were tested experimentally using a test apparatus and scaled, calibrated model. The resulting data, as well as limitations, are presented and discussed, and recommendations for future work and implementation are provided based on the conclusions.
Background
Project Need
Parkinson's Disease (PD) is a progressive neurodegenerative disorder characterized by one or more of four primary symptoms: resting tremors, muscle rigidity, slowness of movement (bradykinesia), and postural instability. These symptoms can vary in severity significantly, and progress with time [1] . Approximately one million people in the US are affected by PD currently, and an additional 50,000 are diagnosed each year [2] . There is no definitive test for diagnosing PD, and clinical diagnosis typically requires the manifestation of the previously mentioned cardinal symptoms [3] . However, as PD progresses the options for treatment become increasingly more complicated, so detecting the onset and decline of PD, or its subtle improvement with treatment, is most beneficial as early as possible [4] . Genetic testing can be used to aid in the diagnosis in individuals with a family history of PD, but have no use in risk prediction [1] .
There have been several proposed methods for detection and continued monitoring of PD, including door-to-door surveying and clinical screening [5] , single-photon emission tomography (SPECT) [6, 7] , protein blood tests [8] , and handgrip tests [9, 10, 11] .
Handgrip Testing
Handgrip testing, praised as a simple and inexpensive medical prognostic tool [12] , has been published on several times, most recently by Dr. Gareth Jones [9] , as an effective diagnostic tool for determining changes in muscle activity, which is an early indicator of motor loss in subjects with PD [9, 10, 11] . Jones concluded that grip strength was the best predictor of muscle activity in persons with PD and may serve as an alternative to longterm electromyography in monitoring the progression of the disease, as well as an early identifying factor of "muscular adaptations that predispose functional decline before its overt presence" [9] . Jones' research utilized a hand dynamometer, a device specifically designed to measure grip strength. However, this process required the subject to be fully aware of the test, which could result in test bias. The act of writing, a motor ability approximately 80% of US adults have developed as part of literacy [13] , may serve as an opportunity to collect unbiased data; for example, by monitoring handgrip throughout a series of pen-or stylus-based writing or dexterity tasks.
In addition to direct measurement of grip strength, retroactive analysis of handwriting samples, specifically subject signatures, from a natural environment has been shown to be a strong indicator of the manifestation and progression of PD [14] . Existing research suggests that coupling a handwriting analysis with additional objective data about writing effort, such as relative grip strength between handwriting samples, may improve the ability of the analysis to assess changes in the subject's writing, either due to disease progression or medication effectiveness at improving symptoms. In other words, if a subject produces two visually identical signatures, the researcher's current methods would find no change; for example, the disease may not have advanced, or a medication may be ineffective.
However, by considering the relative magnitudes of grip strength, the analysis could consider if the subject had to exert a significantly different amount of effort between samples; for example, more effort may imply the disease is advancing, or less effort may imply a medication is effective [14] . In this application, the grip strength would not have to be quantitative, but could be derived from relative magnitudes over a series of tests, spanning a period of time.
Monitoring grip strength during writing tasks would require minimally-invasive force measurement techniques, such that the instrument would look and feel natural to use. There are many existing technologies that could fit this niche, such as forming a flexible pressure sensor pad to the exterior of the stylus. However, many of these technologies are still being developed, and lack historical presence in industrial and scientific experimentation.
Alternatively, the bonded resistance strain gage, one of the most affordable, reliable, versatile, and widely used methods of mechanical deformation measurement, could be used, providing there was a governing equation that included the handgrip force.
Determining the equation would require a combination of mechanics of materials calculations, analytical modelling, and experimental validation. However, this method is both easily implemented, and far more robust once the relationship is found. This is the motivation for the current work.
Writing Grips and Modelling Generalizations
One of the first steps in this problem is to develop an appropriate loading geometry to simulate the grip on a pen. There are several ways that subjects could hold a pen while writing, though in general adults have developed to use five main grip types. There are two "mature grips," the lateral tripod ( Figure 1A ) and dynamic tripod ( Figure 1B) , and three "transitional grips," the cross thumb, static tripod, and dynamic quadruped (or "four fingered") [15] . Transitional grips are generally associated with the transition from elementary grips positions used by children during writing development, though are sometimes still exhibited, to some extent, in developed adult writing grips. Because every grip is subtly different, some generalizations were drawn. For the purposes of this thesis, one primary grip type was considered: a tripod (threefingered) grip, most similar to both of the "mature grips." To efficiently model the grip forces on the body of the pen, the complex physical model was further reduced to three 2. While this is not identical to the force patterns applied by a finger pad [17] , this simplification is still reasonable due to relative size of a finger pad compared to the diameter of the pen body. Further, the barrels of most pens, which in this case include handheld molded polymer styli that are sufficiently stiff to support a writing grip, would be considered thick-walled cylinder, as the ratio of the wall thickness to the inner diameter is greater than 0.05 [18] . pe, respectively, was considered [18] . Specifically, the equations for hoop strain εθ (Eqs. 1-3), which was anticipated to be the largest strain component.
To adapt Vullo's equations to suit the pen grip loading geometry described in Section 2.3, certain core assumptions need to be made. First, the assumptions put forth by Vullo must be honored, which are:
1. The cylinder is circular, open-ended, thick-walled, and infinite in length.
2. All pressures are applied to the entire respective surface of the cylinder.
3. Linear-elastic material properties with small deformations.
Next, addition assumptions specific to the pen grip problem can be introduced. These are comprised of the following:
4. No internal pressure pe exists.
5. The radius of interest r is the external radius re.
6. If the cylinder is not infinite in length, it is sufficiently long to eliminate the effects of the boundary conditions near the midpoint.
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. If the applied pressure is not the entire length of the cylinder, it is sufficiently long to eliminate the effects of the boundary conditions near the midpoint.
8. If the applied pressure is not the entire circumference of the cylinder, it is equally spaced regions of equal width and length.
Now, based on Assumptions 1 -5, Eqs. 1 -3 can be trivially reduced to a simple forcestrain relationship (Eq. 4). For purposes of this thesis, the Young's Modulus E and
Poisson's Ratio ν of the cylinder material will be considered constant and uniform.
From Assumptions 7 and 8, we can relate the pressure to the force applied on each contact region, F, in newtons, expressed by Eq. 5, such that
where w is the characteristic width of the contact region, or the contact width, and l is the characteristic length of the contact region, or the contact length. In this case, w is an arc length. Because the geometry of the cylinder is known, a contact ratio ϕ will be defined by Eq. 6, such that
where C is the circumference of the circular cylinder, in this case given at the external radius, the radius of interest, and W is the total width of the circumference experiencing contact. For the reduced grip loading assumption, which has 3 regions of contact, W = 3w.
For circular cylinders, ϕ represents the ratio of the circumference experiencing external pressure to the total circumference. The value of ϕ will always range from 0 (no contact) to 1 (full contact) (Illustrated in Figure 3 ). Substitution of Eqs. 5 and 6 into Eq. 4 provides Eq. 7, which naturally leads to Eq. 8, thus
linearly relating the F applied to each contact region to the resulting εθ of that region.
In the current form, Eq. 8 is, of course, only true for ϕ = 1 (full circumferential contact), because that value represents the boundary conditions originally outlined by Vullo for Eqs.
1 to 3. However, the research team hypothesized that a correction factor to this equation, determined by deriving a relationship between ϕ and the analytically determined maximum and minimum εθ for a given material, geometry, and F, may be robust enough to describe a large range of geometries and load scenarios. This correction factor would account for the increasing pressure as the total effective contact area decreases (decreasing ϕ) under a constant F, as well as the edge and boundary effects caused by the non-uniform pressure regions about the circumference. Additionally, although Vullo's equations were described for a cylinder of infinite length, it is a safe assumption, according to Saint-Venant's when applying the correction factor, which may work to marginally increasing the total range ϕ can be expected to hold true. Analytically, this can be trivially supported by
showing that the strains along the longitudinal are constant for some practical length.
For experimental applications, the corrected equations are expected to hold true, as well.
Again, by Saint-Venant's Principle, providing the selected strain gages are sufficiently shorter and narrower than the anticipated contact length and width, respectively, and are sufficient far from the edges of the pressure region in both directions, the strain detected should remain unaffected by the boundary conditions and contact ratio. To ensure this, very small strain gauges may be required, which can be determined analytically, as well as a method for centering a subject's finger over the strain gage, such as a soft rubber pencil grip. However, neither of these restrictions should have a significant implication to the cost or effectiveness of the experiments.
Computational Procedure
Material Inputs, Geometry, and Mesh
A three-dimensional finite element simulation was employed using ABAQUS/CAE to investigate the effects that the contact ratio ϕ had on the maximum and minimum hoop strain εθ. It was decided that two models would be created: the first, a traditional extruded polyethylene (PE) writing pen body; the second, a polyvinyl chloride (PVC) pipe, to be used as a scale model of a pen body during experimental testing. Constant linear-elastic properties were used for both the PE (E = 1.51 GPa, ν = 0.36) and PVC (E = 3.25 GPa, ν = 0.38) models throughout these analyses, which are reasonable provided stresses remain sufficiently below the plastic region (22.1 MPa and 55.2 MPa, respectively) and the loading time scales are sufficiently small enough to ignore visco-elastic or creep implications. Each model was designed as a circular thick-walled cylinder. For the pen, the dimensions were measured from a Bic "Round Stic M" ballpoint writing pen, while the pipe dimensions were taken from the online catalog where the sample would be purchased. The models were partitioned to allow for selective meshing and various pressure patterns (i.e., contact ratios), and the meshes were biased to generate a significantly higher mesh density in the center region, which would be undergoing uniform pressure. Figure 4 shows an overview of the pen model geometry and mesh. The pipe model was partitioned and meshed identically. In each model, 24,720 linear hexahedral elements of type C3D8R were assigned, 19,200 of which were in the center, high mesh-density, pressure-receiving region.
The length of the pressure-receiving region was determined by estimating the characteristic length of a finger pad pressure region to approximately 12.7 mm (0.5 in). Because only the approximate midpoint of this region is considered, this estimated length is sufficiently long to ignore the edges of the pressure regions along the longitudinal axis. To constrain the models in space, one end was fully fixed, while the other was allowed a single degree of freedom in the longitudinal direction of the model. These constraints allow the cylinder to deform freely in the longitudinal direction, while preventing model rotations.
Loading Conditions
Both models underwent a series of eight total-force pressure steps, ranging from a ϕ = 0.125 to ϕ = 1. Total-force is a type of distributed load in ABAQUS, in which the total desired force is defined, a selection is made, and the software automatically calculates and adjusts the pressure. For the pen, a total force of 9 N was defined, while for the pipe 1665 N was defined. In other words, each pressure region will have 3 N and 555 N distributed over the defined area, respectively. Figure 5 shows an example of the pipe model with a ϕ = 0.5 pressure distribution. In addition to these conditions, a copy of the pipe model was made and modified for comparison with the experimental results. To do so, analytically rigid 'rollers' ( Figure 6B) were added to the assembly at equal spacings ( Figure 6A ). The rollers could not be complete cylinders, as analytical surfaces cannot be closed. A hard normal-contact, rollers and model. The rollers were tied to reference points, and a radial load was applied to one of the points while the others were held fixed, simulating the mode of load application in the experimental model (See Section 5, Experimental Procedure). A simple test fixture was designed to apply three regions of contact to a circular cylinder. Figure 7 shows an overview of the design of the test fixture, with two additional views in Figure 8 . The bottom rollers are attached to the frame, which has two upward extending tracks. The top roller is mounted to a sub-frame, which guides along the tracks using two low-friction carriages. The dimensions of the fixture were derived from the scaled PVC model of the pen body, as well as readily-available components for assembly. Rollers were selected for contact points to significantly reduce friction effects during testing, allowing the contact points to effectively slide tangentially with respect to the sample as it deforms to the hard roller geometry. This, of course, changes the point of contact. However, at the deformation scale anticipated, the effect of this should be negligible. During an experiment, the sample cylinder is approximately centered in the fixture, between the three rollers (as shown in Figures 7 and 8) , and a dead-load is applied to the top sub-frame. To measure hoop strain, a 1.5 mm strain gage (Omega Engineering, KFH-1.5-120) was installed on the outer circumference of the cylinder in the orientation necessary to measure hoop strain. The leads of the gage were connected to a bridge completion module (Omega Engineering, BCM-1) and routed through an AC bridge amplifier (Omega Engineering, DMD-465), which was monitored by a 12-bit serial data acquisition unit (DATAQ DI-158U) and recorded at 60 Hz using the associated software (WinDaq).
Calibration Procedure
To calibrate the voltage read from the bridge amplifier, another finite element simulation was employed using ABAQUS/CAE. A copy of the PVC roller contact model from the analytical portion of this thesis was made, with the addition of two horizontal, parallel, analytical rigid surfaces, situated directly above and below the circular cylinder (Figure 9 ), as well as a significantly increased mesh density. This was determined to be a more-simply recreated physical scenario than a three-point contact. In addition, the experimental test fixture was modified by adding two hard, horizontal plates of equal length to those in the analysis. A series of weights were added and then removed from the modified test fixture, and the corresponding values were simulated in the calibration model. The location of maximum tensile hoop strain, at the midplane, was both monitored using the test fixture and extracted from the simulation output (Table 1) . For the experimental values, the load was left for no less than 10 seconds. To reduce signal noise, a series of smoothing operations were performed (i.e., a 15-point rolling arithmetic mean and a weighted rolling average) prior to extracting the average values over the loading period. These values were plotted against one another, and a calibration curve was fit to the data ( Figure 10 ). The resulting calibration curve was linear as expected, and related output voltage Vo to hoop strain εθ via the relationship provided in Eq. 9. 
Test Conditions
The sample cylinder was marked at equal angular increments (approximately 7.5°, Figure   11 ). A dead-load of 555 N (approximately 125 lbf) was applied to the top sub-frame, and the output was monitored for at least 10 seconds at each location before rotating the sample to the next incremental location. When the strain gage approached a roller, the top subframe had to be lifted to allow the strain gage to pass without being crushed, and the load was re-applied at the next-nearest angular increment. This process was repeated for each roller. To determine if a correction factor D existed, to be used as described in Eq. 10, the ratio of maximum and minimum analytical εθ were compared to the value estimated by Eq. 7 for each ϕ, an example presented in Table 2 for the maximum εθ in the model of the pen. In all four cases (i.e., pen max. and min. εθ, pipe max. and min. εθ), the result was a parabola, trivially estimated by a 2nd-degree polynomial (example shown in Figure 14 for the maximum εθ in the model of the pen). After estimating a curve, the correction factor D can be calculated by Eq. 11, where the resulting coefficients of the four scenarios are presented in Table 3 . The addition of D to Eqs. 7 and 8 provides Eqs. 12 and 13.
( 11 ) = 1 2 + 2 + 3 maximum and minimum εθ for a given combination of material, geometry, and load. Once the strain is determined (analytically or by direct measurement) at the anticipated maximum or minimum εθ locations, the force can then be trivially calculated using Eq. 13.
To investigate the improvement between Eqs. 7 and 12, the maximum and minimum εθ for each case was estimated with and without the correction factor, presented in Tables 4 and   5 . In the final columns, Delta % Error, negative values indicate the improvement in the estimation percent error due to the correction factor, and as such are marked in green. *Error is artificially inflated due to proximity to zero-strain axis. *Error is artificially inflated due to proximity to zero-strain axis.
In general, most of the estimated values which included the correction factor agree within 10% of the analytical solution, particularly for values of ϕ between 0.25 and 1. For small values of ϕ the error increases, which is likely due to the higher gradients in pressure (the analysis depends on these gradients being low). However, with a moderate contact ratio, the proposed solution yields a strong fit. To demonstrate the agreement visually, the estimated maximum and minimum εθ for the pen with ϕ = 0.5 are plotted Figure 15 , along with the analytical solution. According to Table 4 , both estimations are within 3%. Further, to demonstrate the ability of the proposed solution to calculate force from strain, the total force was estimated based on the analytical strains for each contact ratio. Recall that total forces of 9 N and 1655 N were applied to the pen and pipe, respectively. Table 6 and 7 present the resulting forces for the pen and pipe, respectively. Again, most values agree within 10% of the true value, particularly for values of ϕ between 0.25 and 1. This was obviously anticipated, as the estimated strain was calculated using a force input, but now clearly supports the hypothesis that the applied force can be calculated based on the maximum or minimum strain, using Eqs. 11 and 13. ε(θ,min) Table 6 : Estimated Total Force F from analytical strain for all contact ratio cases in pen model.
*Error is artificially inflated due to proximity to zero-strain axis. Figure 16 . In this example, it is clear the corrected estimation is not significantly far from the analytical result, despite the calculated error being large. In fact, the estimated and analytical amplitudes are nearly identical (0.26% error), but both estimated values are vertically shifted, which creates an artificially large percent error when the value the estimation is being compared with is near the strainaxis, despite the difference being nearly equal on both sides of the curve. 
Experimental Comparison
Raw experimental data was exported from WinDaq, and data processing and manipulation Unfortunately, soft rollers, which would have applied a distributed pressure region, were not readily available in the dimensions required. As a result, the contact ratio of these experiments was too small to be considered within the scope of this analysis. However, as previously mentioned, the experimental and analytical data match well, and suggests that further work may yield results which demonstrate the described solution effectively. A relatively simple step, which may improve the relationship fit, is to repeat the analytical process outlined in this report with more complex pressure patterns, such as modelling a finger pad and using a contact interaction. This adjustment would take into consideration the non-uniform pressure distribution of a finger pad, and remove discontinuous pressure boundary conditions. Before doing so, mechanical properties of a human finger pad, as well as some analysis to fully characterize the pressure distribution of the pad, should be investigated. In addition, the current correction factor model rarely suffers from an artificially large percent-error caused by the vertical shift in estimated strain, particularly when the estimated value is near the zero-strain axis, as outlined in Section 6.1 and illustrated in Figure 16 . While this error does not mean the result is incorrect, it can make it appear that way without further investigation. To eliminate this error, the correction factor could be re-engineered into two independent correction factors.
The first would vertically offset the estimated value, such that the a3 correction factor would become zero. By doing so, the existing correction factor curve, which would become the second independent correction factor, would lie on only one side of the axis (i.e., all correction factor values are positive, or negative). Additionally, a relationship between correction factor coefficients and other constants, such as material or geometric, may exist, and could be determined to remove the need for empirical or analytical calculations before a test can be performed. This, however, is non-trivial, and may require extensive modelling and data analysis. However, in its current form the solution functions as anticipated, and does not require any of the aforementioned to be used empirically as described. In fact, the existing fit may be just as effective, particularly if a procedurally derived empirical lookup table were able to be determined. If so, a series of simple 2-value lookup tables could be used to eliminate the need for computation all-together. Experimentally, additional work could be performed, as well. First, polymers have an extremely wide material property range, which could have significant implications to relationship fit with experimental data. While not necessarily impactful to these findings, a simple improvement for future researchers is to verify the material properties, which would benefit the overall effectiveness of their entire analysis. Concerning the experimentation of this research, the procedure outlined in Section 5 could be repeated with various contact ratios, specifically greater than 0.25. This may require custom fabrication of larger, softer rollers, or more simply could be accomplished by using rubber pads affixed to relatively stiff brackets, made of steel or aluminum for example, as sketched in Figure   18 . Finally, the purpose of this research was to demonstrate that handgrip force could be determined from the strain in a pen body. While this was achieved analytically, experimental work with a pen was regrettably not able to be performed during the study.
As such, testing should be performed on a pen with strain gages to demonstrate the practicality and effectiveness of the described methods. During these experiments, to ensure the subject's finger is centered directly over the strain gage, it is recommended that a simple writing grip is installed after the gage. This will not only ensure pressure is being applied in the correct location, but will also coach the grip of the subject.
Conclusions
This thesis proposed that handgrip strength information could be gathered from a subject's writing grip, using a pen or stylus equipped with strategically located strain gages. The following was performed:
• Various pen grip types were described and reduced to one simplified loading geometry to be considered throughout the analysis.
• An analytical equation was provided and modified to suit the proposed simplified loading geometry.
• Two finite element models were created and executed using ABAQUS/CAE, one of a pen and one of a pipe. Each model underwent a series of loading scenarios designed to determine the feasibility of the modified analytical equations.
• The results from computational analysis were compared with the results from the modified analytical equation, and a correction factor was determined.
• The modified equations were updated to allow for directly calculating handgrip strength from a measured local maximum or minimum hoop strain value.
• An experimental test fixture was designed and built. Preliminary experimental test results were promising, and suggested future work would yield strong results.
In the current state, the proposed equations require that the correction factor (and related coefficients) and contact ratio must first be determined for a given physical scenario. As of now, this requires estimating the contact ratio analytically or experimentally, and determining the correction factor coefficients analytically. However, these values only must be determined once, and can then be used empirically for future equivalent material and geometry combinations. While some additional steps were proposed, the current solution satisfies the proposition, and can support future research relating to the implementation of discrete handgrip testing instruments capable of aiding in the detection of PD earlier and less invasively.
